Fluid penetration of surface breaking rolling contact fatigue cracks in rails is believed to be a key factor in their growth to dangerous lengths. Fluid entry has been proved for surface breaking cracks in laboratory twin disc contact simulations, but the authors are not aware of direct evidence for fluid penetration of cracks in full-scale rail-wheel contacts. There is, however, a widely held view that the behaviour observed in the laboratory will translate to full-scale cases.
INTRODUCTION
Rolling contact fatigue cracks in rails grow under the highly compressive loads produced by railway wheels crossing the rail surface. Their growth mechanisms are therefore unusual, as large cracks in most engineering structures are associated with highly tensile loading, not extreme compression. The growth of cracks in this unusual configuration is often associated with the presence of fluid at the rail -wheel interface. To appreciate why fluids are important in rolling contact fatigue crack growth, current understanding of the main phases of rolling contact fatigue growth are described subsequently. Important issues for translation of models developed for two-dimensional idealized cracks to real three-dimensional cracks are then explored. This gives the context for the investigation of fluid penetration of rolling contact fatigue cracks in rails, described in the main body of the paper. Figure 1 is a schematic cross-section of a cracked rail, indicating the physical state of the steel in which a crack may initiate and propagate. Further information about the physical metallurgy of the near surface layers is being generated in the Rail Research UK project [1, 2] , whereas the focus here is on the mechanisms of crack growth rather than the metallurgy of the rail.
Initiation and propagation of rolling contact fatigue cracks

Initiation
The term crack initiation is a source of confusion in rolling contact fatigue investigation, because it has quite different meanings in academic and railway industry contexts. From an academic perspective, the initiation of a crack can refer to the initial movement of dislocations within the material as it comes under load [3] . Alternatively, it can refer to the movement of these dislocations as they rearrange to reduce the strain energy of the material [4, 5] .
Taking either of the academic descriptions of crack initiation, the flaws identified are in the micron size range, but the railway industry is generally not interested in defects of this size. The UK rail industry [6] defines cracks below 10 mm visible surface crack length to be 'light' cracking, with an inspection frequency of once in 6 months required in most cases. The initiation of a crack usually refers to development of a crack to the size at which it can be detected visually by the naked eye during a track inspection. This corresponds to a minimum visible surface crack length of 3 -5 mm.
Studies of mechanisms for crack initiation in rail have focused most recently on ratcheting (plastic strain accumulation) at the surface of the rail [7, 8] . This takes place in material taken above its yield and plastic shakedown limits [9] by the high vertical and traction loads placed on the rail by passing wheels. Strain accumulation can continue until the limit of ductility for the material is reached, after which further wheel passes lead to failure by the appearance of crack-like flaws and wear debris [9] . These flaws will typically lie in the upper few hundred microns of the rail surface, so at this stage, crack initiation based on the academic definition has been passed, whereas in railway terms a crack has not yet initiated.
Whatever the definition or description of crack initiation, small cracks at this stage of development are influenced by fluids only through the change of surface friction and rail -wheel traction brought about by the presence of the oil, rain water, or other contamination. Accumulation of plastic strain is greatly affected by this traction input, but the fluid itself plays no part in the development of cracks. The growth of cracks by ratcheting is limited to the depth of material over which the plastic shakedown limit of the rail steel is exceeded [7] . For cracks to extend deeper into the rail alternative growth mechanisms must begin to act and it is here that direct action of fluid on the crack becomes important. Typically, these mechanisms are able to drive the growth of an existing small crack (starting from tens to hundreds of microns in size), but not to generate cracks in undamaged material. The ability of fluids to enter such small cracks was demonstrated in the laboratory during the investigation of railway flange lubricants using a twin disc approach [10, 11] .
Propagation and the influence of fluids
A range of theoretical explanations has been put forward to explain growth of rolling contact fatigue cracks from tens of microns through to tens of millimetres in size, and since the earliest of these by Way [12] in 1935, the presence of fluid inside the cracks has been seen as an important factor. Cracks in rails are subject to a complex mixture of mode I, II, and III stresses, and the combination of these modes varies as the wheel approaches, passes over, and moves away from a crack. Several mechanisms by which fluids could accelerate or enable crack growth are briefly reviewed subsequently. It is likely that these mechanisms act in combination with one another, but resolving how they are combined remains a subject of current research.
1.1.2.1 Shear dominated crack growth, assisted by lubrication of crack faces. This crack growth mechanism is illustrated in Fig. 2(a) . The reversing shear stress cycle to which a rail -wheel contact subjects a surface breaking crack was investigated by Bower [13] . It was found that the propagation of cracks by cyclic shear was consistent with laboratory and railway experience of rolling contact fatigue cracking, but that propagation was unlikely unless the friction coefficient between the crack faces (the 'crack face friction' coefficient) was reduced to below 0.2. Entry of a fluid into a crack offers the opportunity to reduce the crack face friction coefficient, because even water can act as a lubricant on the crack faces. Experimental work using a twin disc test Only large cracks reach into the deeper elastic region. 'A' is a small crack near the surface. 'B' shows wear through loss of material above a small crack. 'C' is a deeper crack, which has penetrated into elastic material machine [10] showed that flange lubricants entered existing surface braking cracks producing dramatic increases of crack growth rate. The crack growth rate increase produced by application of water (generally a much less effective lubricant) was lower than for the flange lubricant, indicating that reduction of crack face friction can accelerate crack growth.
1.1.2.2 Hydraulic pressurization of cracks by contact pressure transmission. This crack growth mechanism is illustrated in Fig. 2 (b). Fluid entering a surface breaking crack may allow contact stresses to be transmitted to the crack walls by hydraulic action, producing mode I crack opening stress in what would otherwise be a highly compressive stress field. Transmission of pressure in this way requires the crack to be sealed, or for leakage to be so low that a high pressure can be transmitted to the crack faces before fluid leaks out of the crack. Bower [13] found that the stress intensity factor magnitudes predicted by this mechanism were sufficient to account for crack propagation, but that it was not possible to account for the effect of surface traction direction and wheel motion on the crack growth direction. In more recent work, crack growth rates predicted from stress intensity factors calculated for this mechanism were found to be higher than those observed in track [14, 15] . The assumption that the crack is sealed, allowing full transmission of contact stress to the crack faces was thought to be responsible for the over-prediction of crack growth rate. As discussed in section 1.2, only at certain stages of crack development is sealing of the crack a realistic possibility.
1.1.2.3 Entrapment and pressurization of fluid in a closing crack. Fluid may not need to be present in a continuous path from the crack mouth to the crack tip for the crack to be opened by high pressure fluid. If a small volume of fluid is trapped in the crack as the contact passes over its mouth, a high pressure will be reached as this volume of fluid is compressed. The mechanism is illustrated in Fig. 2 (c), and was found by Bower [13] to be capable of developing sufficient stress for crack growth, and to correlate well with the observed direction of crack growth in rails relative to the traction and wheel motion directions.
1.1.2.4
Squeeze film action producing crack pressurization. The squeeze film lubrication theory was developed for situations in which lubricant is alternately squeezed out and drawn into a gap, and has been extensively applied in modelling natural and replacement human joints [16, 17] . The contact configurations modelled are, however, similar to the contact between the faces of a surface breaking crack in a rail, and the theory can be applied to predict the pressure inside a crack subject to rolling/ sliding contact loading [18, 19] . Modelling results indicate that high pressures and crack opening stresses will be generated in a crack filled with fluid when it is crossed by a rolling/sliding contact similar to a rail -wheel contact. These pressures can be generated even when the crack is not sealed ( Fig. 2(d) ), as there is a momentary peak of pressure when load is applied and before the fluid has time to flow out of the crack.
Three-dimensional cracks and contacts
Cracks in rails have in reality a more complex internal and surface geometry than it has been necessary to assume in development of the models described above. Mechanisms which appear plausible when described using two-dimensional schematics, such as Fig. 2 , can appear less so when described in three-dimensions, or using more realistic crack geometries. For example, Fig. 3 shows that the sliding of the crack faces over one another is likely to take place differently for a crack with interlocking micro and macro roughness on its faces than for a smooth-faced crack. Similarly, a curved crack, or branching and kinks in the crack will affect crack sliding in a way which cannot be quantified using a simple crack face friction coefficient. The ability of rough crack faces to seal in fluids under high pressure is also questionable. More importantly, when described in three-dimensions, it becomes clear that a growing crack will reach a size at which its mouth cannot be completely covered by a wheel contact, as shown in Fig. 4 . This point is easily missed when considering the twodimensional representations of crack growth mechanisms ( Fig. 2 ). Leakage of fluid from larger cracks and from cracks not fully covered by the contact is almost certain. Multiple cracks which become joined within the rail will also prevent sealing and pressurization of fluid. Crack growth through generation of high pressures will therefore depend on the balance between pressure rise through hydraulic or other actions, and the escape of the fluid.
Modelling complex crack geometry and crack face sliding remains a task for future research, but before undertaking that task the more fundamental question is whether fluid penetrates real cracks in rails at all. Fluid penetration has been demonstrated in many small scale laboratory experiments using cylindrical twin discs [12, 20, 21] , using discs with profiles matching the rail and wheel [22] and also in gear testing [23] for which contact geometry and failure mechanisms have many similarities to railwheel contact. However, the authors are not aware of direct evidence for fluid penetration of cracks in full-scale rail -wheel contacts, although there is a widely held view that the fluid penetration of cracks observed in the laboratory will translate to full-scale cases. Indeed, the application of fluids must often be idealized as straight cracks, whereas in reality their shape is more complex. Features neglected in many models include micro and macro roughness of the crack faces, curving of cracks, and crack branches. The shear movement of cracks will take place differently for the idealized and real cracks Fig. 4 A contact patch and its associated pressure profile approaching a series of cracks, illustrating the dependence of covering the crack and sealing a fluid inside it on crack size, shape, and alignment relative to the contact. Crack 'A' will be completely covered by the contact for the majority of its passage over the crack. Use of a crack growth mechanism depending on sealing a fluid inside the crack is therefore plausible. Crack 'B' is too large to be covered or completely sealed by the contact. Crack 'C' is the same size as crack 'A' but is offset from the contact path, and will not be completely covered or sealed as the contact passes. Crack 'D' is inline with the contact patch and has a mouth sufficiently small to be covered, but it is linked with adjacent cracks and therefore cannot be sealed during laboratory disc tests is designed to replicate the processes believed to be taking place on the track. The track-based experiments described here aimed to answer the question of whether fluid enters surface breaking cracks on real rails under train loads. The ability of fluids to enter these cracks even without the presence of train loads was also assessed. The work did not seek to determine whether fluid inside cracks is sealed in and pressurized under the passing wheels, or whether the friction between the crack faces is modified by the presence of fluids. Investigation of these factors in rolling contact fatigue crack growth will require detailed instrumentation of a crack. Here, a marker fluid is used to reveal fluid penetration of cracks at a later destructive examination, and not during the test itself.
FULL-SCALE TESTING OF CRACK PENETRATION BY FLUIDS
Overview
To investigate fluid penetration of surface breaking cracks in rail, a series of short lengths of rolling contact fatigue affected rail were removed from service. The rails were installed on a test track and treated with a marker fluid of water carrying a fluorescent dye to allow its presence to be detected during destructive examination of the cracks. The rails were subjected to a controlled number of wheel passes using a locomotive, with regular reapplication of the marker fluid. A control sample was treated in the same way as the installed samples but was not subject to wheel loads. Rail with existing cracks was used to perform these tests, and no attempt was made to form new cracks or significantly extend existing cracks during the tests. This was for two reasons. First, the earliest stages of crack growth are driven primarily by near surface plastic deformation of the rail, and this process is not dependant on penetration of cracks by fluids. Second, even under the high contact pressures of locomotive wheel -rail contact, many thousands of wheel passes would be needed to develop cracks regarded as 'initiated' on the rail network (i.e. of 3 -5 mm visible surface length). Similarly, thousands of wheel passes would be required to produce reliably measurable extension of cracks.
Test track layout
The test track consisted of a dedicated length of straight track constructed from concrete sleepers and grade 113A rail. The sleepers had a depth of 190 mm below the rails and were sunk 90 mm into a ballast bed of approximately 500 mm deep. Within this track, rail test samples of 4 m length were inserted, parallel to one another on both sides of the track (Figs 5 and 6 ). The sample rails were clamped to the permanent track using temporary rail joint (TRJ) clamps, and were secured with rail clips to the five sleepers below the samples. The TRJ clamps are certified for mainline use at speeds up to 80 km/h [24] , and avoided the welding or drilling of the rail required by conventional joining techniques. A 4 m sample length is sufficient for study of rail -wheel contact issues while also allowing easy sample removal to the laboratory for examination, although rail bending will be less well constrained than for continuous track exceeding the locomotive length.
Sample preparation
Eight sections of rail approximately 1.5 m in length were supplied by Corus Rail Technologies, each containing a range of severities of rolling contact fatigue cracks. Figure 7 shows the surface appearance of the cracks present in two of these rails, which between them contained cracks with visible surface lengths from a few millimetres up to 40 -50 mm. The rail sections had been removed from mainline track because of the severity of these cracks.
Two composite samples were formed from six of the sections supplied, and the remaining two samples were used as control samples during the test. The formation of the composite samples is illustrated in Fig. 5 . Individual rail samples were thermit welded together and trimmed to form the required 4 m lengths. Care was taken to ensure that the gauge faces of the individual rail samples were correctly aligned to become the gauge faces of the two composite test samples once installed. A study on thermit welding [25] shows that a heat affected zone (HAZ) In addition, it would not be expected that any change in rail residual stress close to the welds would affect the cracks at this distance. The welds were ground level to the main body of the rails to avoid any dynamic loading as the wheels passed the welds during the test. Throughout the test, the control samples received the same fluid treatment at the same frequency as the installed samples, but the controls were not installed in track, and were not loaded by the locomotive. Because of the variable nature of the cracks in the supplied rails, it was impossible to match exactly the severity of cracking in the two installed composite samples with that observed in the control samples. When making up the composite samples, care was taken to have a mix of visible crack sizes, and the control samples were chosen to have cracks in the middle of the size range observed in the installed samples.
Marker fluid selection
Rain water is the most common fluid likely to enter cracks on the rail surface, except for specific sites at which contamination such as grease or oil based flange lubricants may migrate onto the rail gauge face and head. A water-based UV fluorescent marker fluid was chosen to achieve similar physical properties to water while giving the best possibility of identification inside the cracks upon destructive examination after removal of the rails from the test track. Table 1 shows the physical properties of the marker fluid, together with those of water. The viscosity of the marker fluid was above that of water, but a value for a typical road or aero engine mineral oil, also shown in Table 1 , gives some context to the magnitude of the differences. Multigrade mineral oil type 20W/50 10 [26] has a viscosity of nearly 15 times that of the UV marker fluid. The UV fluorescent fluid was applied by brush, with an excess delivered to the railhead at each application. 
Test conditions
An overview of the test arrangements is shown in Fig. 6 . Testing was conducted using a class 31 diesel-electric locomotive, capable of passenger and freight duties. No other vehicles were used in the test. The locomotive weighed 109 tonnes and had 12 wheels of which all were braked and eight driven. During the test, the locomotive was travelling at up to 5 kph (a fast walking pace) moving sequentially back and forward across the installed samples so that all the wheels cleared the test area. Restrictions on the length of track available either side of the test section lead to low traction forces being applied in one direction and low braking forces in the other. The vehicle was not instrumented to measure traction forces, but through measurement of its acceleration using video footage of the tests, it was estimated that the traction coefficient at the rail -wheel interface (ratio of traction to normal load at the contact) was less than 0.01. For wet rails, the friction coefficient would typically be in the range 0.1 -0.2, so the estimated traction coefficient indicates that the traction and braking forces applied were at most 10 per cent of those available.
Procedure
Prior to starting the test, a wire brush was used to remove loose rust from the control and rail samples, and the UV fluorescent marker fluid was applied to the railhead. (Rust had formed when the samples were stored after their removal from service.) The locomotive was driven completely over the test section and then reversed fully back to the start position. The marker fluid was then reapplied and the cycle repeated. A total of 90 fully reversed cycles were conducted, giving 1080 wheel passes across each test sample.
To maintain sufficient adhesion, the locomotive was driven away from the test track for a short distance to clean the wheels and brakes after every ten loading cycles. During this time, a visual and photographic examination of the rails was carried out. After the final loading cycle, the rail samples were removed from the site for laboratory examination at Corus Rail Technologies Swindon Laboratories.
Post-test analysis
For each of the constituent samples making up the composite rails, a section of around 300 mm length containing a large number of cracks was selected. This short length was cut out from the composite sample, and rail web, foot and the crack-free regions of the railhead were cut away ( Fig. 8(a) ). Minimal lubrication or cooling fluids were used to avoid disturbing the residue of the marker fluid. A four-point bending machine was used to produce fracture of the remaining uncracked section of the railhead by a single load application. This revealed the interior of one of the largest rolling contact fatigue cracks in each sample ( Fig. 8(b) ).
RESULTS AND DISCUSSION
Observations during testing
Running band
Visual examination during testing revealed the running band of the locomotive on the railhead, from which the marker fluid was largely displaced. The exception to this was any small depression or corrosion pit on the railhead, which remained filled with marker fluid. Regions of marker fluid can be seen either side of the main running band in Fig. 9 . Where cracks crossed the running band there were in some cases bubbles of air emerging through the marker fluid after the passage of the locomotive. This particularly affected cracks with higher visible surface lengths.
Reduced adhesion
Throughout the tests, it was found that contamination of the wheels, rails, and brakes by the marker fluid reduced rail -wheel adhesion and increased braking distances. The wheels and brakes were cleaned by driving the locomotive away from the test area onto clean track and briefly applying the brakes. The track near to the test section, but not the test section itself, was cleaned with water and dried to restore adhesion levels.
Analysis of cracks following tests
All of the rail specimens where successfully broken open and examined under both natural and UV light. In most cases, the samples broke close to the deepest point of a large rolling contact fatigue crack. In other cases, the sample broke open a little away from the deepest point of the largest crack, as shown in Fig. 8(c) . This was possibly because of an existing branch crack, or because the stress applied to break open the sample was quite different from that which initially drove the crack growth. However, in all cases, the majority of the crack face of a preexisting rolling contact fatigue crack was revealed. Examination of the crack faces revealed a bright green fluorescent glow on the crack faces when under UV light (Fig. 10) , providing evidence of fluid entry into the cracks. The extent of fluid penetration but not the volume of fluid present during the test could be judged in this way. Under natural lighting conditions, a slight green discolouration of the crack faces was observed. Freshly broken regions of the rail, which could not have been exposed to the fluid, appeared completely dark under UV light. This is positive evidence that the cracks were penetrated by the UV florescent marker fluid during the test, and supports modelling crack growth using mechanisms based on fluid penetration.
The intensity of fluorescent glow varied across the crack faces, with least evidence of dye penetration close to the crack fronts. The region close to the Fig. 10 as an example with a surface crack length in the 10 -15 mm size range, there was no visual evidence under UV light of dye penetration in the 1 -2 mm wide region close to the crack front. If the crack front region is assumed free of fluid, this corresponds very approximately to a fluid penetration of around 75 -80 per cent of the crack face area. The control sample to which UV marker fluid was applied, but which was not loaded by the locomotive, also showed evidence of dye on the crack faces. The extent of crack penetration by the fluid was approximately the same as for the samples which had been installed and loaded by the locomotive. This indicates that the fluid was able to penetrate without assistance from bending of the rail under wheel load, or from contact and traction stress of a passing wheel.
Models of fluid-assisted crack growth such as the fluid entrapment mechanism [13] assume that fluid enters the crack just before the wheel reaches the crack, as traction force from an approaching contact 'opens' the crack, allowing or drawing the fluid in. Assuming that the fluid penetration results from the test track translate to the behaviour of rain water on the rail, they show that water would be present in cracks from the first wheel of a passing vehicle; there is no need for the crack to be 'opened' by passing wheels to allow water in, although any opening by surface traction may affect the volume of fluid in the crack.
Alternative marker fluids
To investigate the sensitivity of fluid penetration of cracks to the marker fluid choice, rails were also tested with a paint-based marker fluid. White household emulsion paint was diluted at the ratio one part paint to two parts water and applied to cracked rail samples under locomotive load for the same number of wheel passes used for the UV fluorescent marker fluid. It was found that the paint became black on the running band of the rail during testing, forming a thick layer which broke up and was transferred to the wheels in fragments. Examination under natural light of the crack faces from the paint marked samples revealed no visible trace of paint on the crack faces. This may indicate that the paint-based marker fluid did not enter the cracks, or that it was degraded during testing, as happened to paint on the running band, and was not visible.
Implications for crack growth modelling
The evidence that fluids can penetrate cracks in rails installed in track is consistent with the prediction of crack growth rates in service rails using models which include fluid entry into cracks. Such crack growth mechanisms include tensile modes of growth assisted by fluid entrapment and shear growth assisted by crack face lubrication. The experiments were not intended to identify which of these mechanisms is responsible for crack growth, and indeed it is unlikely that a single mechanism is responsible for the whole of the development of a large crack. Interaction between the mechanisms will be likely to take place, for example, when a fluid inside the crack assists tensile growth through pressurization, and also reduces friction between regions of the crack faces which remain in contact. The dominant mechanism may also change as the crack grows, for example because sealing and pressurizing fluid inside a crack which is small relative to the contact patch is much more likely than for a large crack or a network of interlinked cracks (Fig. 4) . Evidence for very small cracks in the hundreds of microns size range shows that they can be penetrated by fluids [10, 11] but as discussed in section 1.1.1, severe plastic deformation of the material in which these cracks lie provides an alternative mechanism by which they may develop.
One strategy for identifying the dominant crack growth mechanism at a particular crack size is the comparison of predicted crack growth rates with the rates measured in field trials on service rails. This approach has already been used to identify that a mechanism based on hydraulic transmission of contact stress to the crack faces over-predicts crack growth rate by several thousand times relative to the rate found in field trials [14, 15] . However, such comparisons are difficult as they rely on the knowledge of traffic and on vehicle dynamics predictions of the loads to which the rail is subjected by this traffic, and any single point on the railway will see a wide variation of these quantities during its life.
CONCLUSIONS
Full-scale track tests, to investigate the fluid penetration of surface breaking rolling contact fatigue cracks, have been conducted on a specially built test track. The tests show that a water-based ultraviolet fluorescent marker fluid was able to penetrate cracks of a wide range of sizes, both under locomotive load and in the unloaded control sample.
The evidence of crack penetration by fluid is consistent with the use of crack growth mechanisms that depend on the presence of fluids inside cracks. Such mechanisms include the fluid pressurization of cracks, modification of crack face friction by fluids to accelerate shear mode growth, and other mechanisms such as squeeze film lubrication.
Use of a paint-based marker fluid did not reveal fluid penetration of the cracks, either because the fluid simply did not penetrate as its physical properties were too different from those of water, or because it was degraded under the wheel pressure load and became visually undetectable.
